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morittsd to the Lepartment cf teronautical ineering on 
kay 16, 1552, in partial rulfillment of the requirements for the 
degree of Vester of science in Aeronautical “ngineering, 

The purpose of the investigation was to compare predicted and 
and observed pas turbine performance, It ras also desired to study 
the effect of Reynolds “Sunder in the performance characteristics 


of a gas turbine, 


4 “estingnouse <°.58 .viation Gas Turbine was mocified by the 
authors and usec to obtein the observed date. ‘The predicted perforn- 
ance was determined by means of the C. tichard soderberg method of 


Loss Coefficients for Turbine Passages. 


it was determined that the observed efficiency was 7) ver cent 


as comparec with a predicted efficiency of 86 per cent. Due to the 





+eilure of the turbine midway through the data runs, no conclusions could 
be made regardins the effect of Reynolds umber on gas turbine performance, 
The investigation was conducted by the authors at the Gas Turbine 


Laboratory, vassachusetts Institute of vechnology, Cambridce, kassachusetts 








Cambridre, Massachusetts 
way 16, 1952 


Professor Shatsweli Ober, Chairman 
Jvepartnental Committee on Graduate Students 
Jepariment of Acronautical “ncineerine 
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“assachusetts Institute of Teennolory 
Cambridee, Massachusetts 


Year Sir: 

In partial fulfillment of the requirements for the 
degree of Master of Science in Aeronautical “ngineering, we 
herewith submit our thesis entitled, "A Comparison of Predicted 
and Observed Gas Turbine Perfomnance," 


Respectfully, 
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I INTRONUCTION 





The purpose of this thesis was to compare a calculated turbine 
performance with an actually tested turbine performance, The method 
for calculations was that of Professor C. ichard Soderberg of the 
Massachusetts Institute of Technology. This method involved the cal- 
culation of loss coefficients and included corrections for Yeynolds 
number, aspect ratio, and inlet air angles other than nominal. Tip 
loss corrections were also made. It was desired to use the experi- 
mental data to check the accuracy of the Soderberg curves. 

It had originally been intended to study eynolds number effects 
on the turbine performance by varying the turbine inlet density, but due 
to the breakdown of the turbine, insufficient data was obtained to 
accomplish this. 

This investigation was verformed by richard MW. Shively, Jr., and 
Corliss “%. Adams during the academic year 1951 to 1952 in the Gas Turbine 
Laboratory cf the Massachusetts Institute of Technolocy, Cambridge, 
vassachusetts. 

The authors wish to exoress their gratitude to Professor © S. Taylor, 
Associate Professor ©, fF. Neumann, Assistant Professor 8. C. Dean, 

Mr, James F, Hands, and Yr. Dalton Baugh for their renerous assistance 


and cooperation. 
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Tne investigation was conducted with a modified X9.5B Yestine- 
house Gas Turbine Jet Aircraft *“ngine mounted in a compressor test 
stand designed and built in 1951 by Padis, Swainson and Gern. The 
turbine was operated cold and driven by air supplied by the Sloan Gas 
Turbine Laboratory wind tunnel. | 

The jet engine was so modified as to isolate the closed air 
systems of the turbine and compressor. This was accomplished by 
means of an air ticht 1/8 inch steel diaphragm inserted in the com 
bustion chamber. Jee Fic, 1. The air from the wind tunnel systen 
entered the turbine via a steel annulus built around the combustion 
chamber and exhausted through the tail section of the turbine into the 
low pressure side of the tunnel systen. The tail section was utilized 
because it presented a straight section of no area chanre for outlet 
measurements. 

Because of the closed cycle system used in the wind tunnel, it 
was necessary to modify the bearing lubrication system. Under normal 
operation the bearings received a lube oil mist from the oil pump and 
air mixer and discarded the excess oil with the exhaust gases. In 
order to make this correction, Padis, Gern, and Swainson designed a 
lube oi] seal which fitted over the cooling fins behind bearing No. 3. 
See Figs. 2&3. Air at lO psi was supplied to the seal to prevent 
leakage of oil into the turbine. The excess oil from the bearings 
collected in the bottom of the combustion chamber outer casing and was 
evacuated by a connection to the laboratory steam ejector. It was 
later found that the lube oil seai did not function perfectly. A con= 
siderable quantity of the oil escaped through the lube oil seal and 
into the exhaust of the turbine. As will be shown in the results, this 
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failure tended to falsify the data, 

The compressor of the jet engine served as a variable load for 
the turbine and was controlled by means of a 10 inch pate valve behind 
the compressor, a connection to the steam ejector, and a 3 inch valve 
to admit ambient air. The air in this System was cooled by means of 
two water coolers, 

The wind tunnel used to supply air to the turbine consisted of 
&@ large 5 stare comoressor and several stean ejectors in addition to 
a by-pass valve, Inlet air conditions to the turbine were controlled 
by the rpm of the wind tunnel compressor, the temperature of the cooler, 
and the wind tunnel ejectors, Fig. l is a schematic diagram of the 
wind tunnel systen, 

The instrumentation of the turbine consisted of static pressure 
taos and total head tubes at the entrance to the nozzle block, pitot 
Static tubes at the exit of the turbine and total temperature thermo~ 
couples at the entrance and exit of the turbine. In order to determine 
mass flow, a pitot static tube and thermocouple were inserted in a 
straight 20 foot section of the wind tunnel Piping, Bearing tenpera- 
tures were carefully watched by means of thermocouples furnished as 
Standard equipment with the engine. The speed of the turbine was obtained 
from a standard aircraft engine tachometer. For further details regard- 


ing the instrumentation refer to Appendix 4, 
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The variables available in the test procedure were considerable 
in number. In the wind tunnel system the density of the inlet air to 
the turbine was varied by means of the compressor rpm, the cooler 
temperatures, and the setting of the steam ejectors. The load of the 
jet engine compressor was controlled by the vate valve, the ambient 
air valve and the steam ejector. In connection with the compressor 
air circuit, it was ciscovered that there was considerable smal peiet 
air into the turbine system throurh the bearins nousing, tne lube oil 
seal, and into the space between the nozzle blocx and turbine wheel. 
This deficiency in the test set-up vrovided an advitional source of 
experimental error. 

The procedure consisted of runs made at various compressor load- 
ings to vive a performance curve for 2 particular rpm. The load on 
the compressor was first set and the turbine rpm returned to the 
desired rpm by adjustments of the wind tunnel campressor speed and 
inlet air density. In order to keep the performance runs on @ conpari- 
dle basis, it was necessary to maintain the inlet density witnin a 
ten per cent (10%) ranze, The compressor loa:linzvs were so selected as 
to sive a maxim and minimwa pressure ratio across tne turbine on the 
initial runs. This gave an indication of the available load ran79. 
Data at one or two intermediate points were tnen taxen in order to cive 
a satisfactory curve. This sane procedure was followed in obtaining 
data for other roms. 

Hass flow data fee each run was odtained from pressure an? tenpera- 


ture readings taken in the wind tunnel vipin= mentioned Juve. A 











adard pitot-sintic tube wac instelled in such « vanner as to 


permit traversing the 12.4 inch pipe to obtrin pressure readinge 


nt four (4) radii of eoual arons. A total tempercture res/ing wee 


obtained from ua conper-constantan thermocounlo installed neur the 





wevot stetic tube. 

“ror tho data 2 the oreliminary runs, & reletionstiin wes 
develoned to sive mass flow directly. ‘the pitot-static was locsted 
me oe eid wokition or €énver of the oipévencd lett there Tor #11 
re@einin= runs. ‘Since the velocity of tre air in the pipe 4t mengur- 
ing point was clways less trian 100 °t. per eec., we can essume incom 


pressible Clow. <srom the continuity ecuation 


= VA 


and Bernoulli equation 


por f ehav” 


we obtsin 


pe VBE A 2 VE 


whore 


Ino = )«6m@ies flow in vouncs ber Second 
> = ‘matic oreseure in inches of lic. 
An = difference bevween static enc tots] sr@gieures 


in inches of water 
2. co Gerived constant which incluzes unit conversion 
“actors ana croes sectional sree of nipe 


ct 5 


4 
u 
= svitic temperature in Cegreé’s Banking 
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ine presisurc ddic for mase Slow was obtaimec .Srem reedcingsgmei ven 
by 4) menometer bornrd ghotwn in 2lete 1. “ihe instrug@at in the upser 
meow heanc corner of the bosrd is an inclinec difterent im] menomever to 


Breve Te Cries Oo. 4.5, ~ 
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The experimental results of this experiment are shown in rir. ll. 
All data is on file at the Gas Turbine office of M.I.T. ficure ll 
is a non-dimensional plot of mass flow vs. total pressure ratio across 
the turbine, for different rpm's and at an inlet density constant 
within ten per cent. The inlet density used was approximately the inlet 
density to the turbine when run as a jet enfine at rated power at sea 
level. The turbine efficiency is marked beside each data point. It 
was the original intention to obtain the same plot for other inlet densi- 


tiles, but due to the breakdown of the turbine, this was not accomplished. 


m Ni 
The non-dimensional mass flow parameter, 750 Det ’ is proportional 
mn N 
to mx" Vo > 
where: m = air mass flow, lb/sec 


mt=maximun mass flow through area whose diameter 
is the wheel diameter, for the inlet total 
pressure and temperature 


mi= 253 p rn for k = 1.) 
ol x ~_ 
V7. 
N = revolutions per minute 
o- T 
; ol 
5T0R 


The factor Ni was used simply to spread the lines apart. 

It was is alia to obtain data over a wider pressure ratio 
range at each rpm, but this was impossible because of the limited range 
of the compressor load. ach rpm line is from the minimum load to maxi- 
mum load attainable. 

Before discussing the results, an over-all picture of the measurement 
errors will be given. The inlet pressure readincs were inaccurate due to 


extreme turbulence, wnich was caused by the sharp right angle turn to the 





7. 
turbine inlet. The inlet static pressure readings were worthless, there 
being fluctuations in the mercury column as much as three inches during 
some runs. The fluctuations for the inlet total pressure were far less, 
but an accuracy closer than one-half inch of mercury cannot be assumed. 
There were no fluctuations in the outlet pressure readings. 

The sources of error in temperature readings were as follows? 

1. Insensitivity of potentiometer. This permitted an 
accuracy to within 2 to 3°F, either high or low. 

2. Warm air from compressor circuit. Caused high reading 
for turbine outlet air temperatures. 

3. Warm oil from bearings. Caused high reading for turbine 
outlet air temperatures. 

4. Air yaw angle more than 30° to turbine outlet thermo- 
couples, for some runs. All the total temperature thermo- 
couples were located for axial flow, and it is believed 
that for some runs the turbine outlet velocity was more 
than 30° from the axial direction. According to refer- 
ence (a) the recovery factor falls off sharply for yaw 
angles vreater than 30°. 

Temperature errors due to heat loss, conduction, or radiation were 
negligible. 

Referring again to Fig. ll, the curves appear to be consistent in 
respect to mass flow vs. pressure ratio. 

There are several inconsistencies in the trend of the efficiencies. 
The*value of the efficiencies are extremely critical to varietion in 
temperature readings, for the relatively low vowers involved in this 
experiment. For example, consider point A of Fig. 11. A variation of 


two degrees Fahrenheit of the outlet temperature will change the efficiency 


more than five per cent. A variation of inlet pressures will also change 














the efficiency, but not as much. ‘or the noint in question, u viriution 
of one-half incn of mercurv for the inlet tot>ol pressure will chance the 
efficiency about 2 1/2 per cent. It is indicated that the inconsisten- 
Cies in the trend of the efficiencies were due mainly to errors in ten 
perature readings, 

In addition to the inconsistencies in the trend of the efficiencies, 
the actual efficiencies were much lower than expected or calculated, 

The oossibility that the outlet temperature readiness were nictner than tne 
actual temperatures could account for this. 

It is recommended for turbine tests with a small tenverature crop 
across the turbine, that a iievice such as a dvnanometer be used to 
measure oower, ratner than usins temperature difference. This would alsa 
permit a wider viriation of load for the turbine, It is further recon 
mended that provision be made for a smooth air flow into the turbine in 
order to obtain accurate inlet pressure readings, 

The second purpose of this thesis was to checx« observed performance 
with a calculated performance. Turbine dimensions were obtained by 
measurement, The blade angles were ineasured at the mid-radius only, 
and all calculations were made for the mid-radius only. Gne data voint 
was checkec by the calculations, This point is marxed A on Hire. ll, ana 
was chosen because it had the best efficiency on the rom curve closest 
to desirn rpn. : 


The blade angles, notation, anda initial conditions were as fcllows: 





Ne ZzZLE LLOTOR 
C Wf Dp = Boe iP. 
00 
t..= Goes 
GO? m = 1.63 lbd/see 





Calculations were made as shovm in "Sancle Calculations", 











‘pon complation of the calculations for these riven conditions, 
it was found that the total pressure ratio across the turbine was 1.27, 
whereas the total pressure ratio for tho experiments] run wes 1.'\6. In 
order to compare the calculated wore and efficiency with tha observed, 
it was necessary that the total pressure ratios agree, Calculations 
were then made for other nozzle exit blade anrles, Keepinre the other viven 
conditions constant, ana the curves of Fig. 12 were obtuined, which show 
the effect of nozzle exit blade angle on the total pressure ratio and work. 
It is noted that the effect of nozzle exit blade anzle on the pressure 
ratio and work is extremely critical, A nozzle exit blade ancle of 62,})9 
was found to correspond to a pressure ratio of 1.5. This eave a cal- 
culated work of 11.1 Btu/lb vs. the observed work of 9,82 Btu/lb. 

To find the effect of mass flow change on work and pressure ratio, 
calculations were made to plot Fie. 13, for a nozzie oxit blade angle 
of 60°, and other initial coniitions the same as before. To obtain tne 
pressure ratio of 1.):6, a 7.45 increase in mass flow was required. Thus, 
it is seen that pressure ratio and work cre sensitive to nass flow 
change, but not as sensitive as to nozzle exit blade anyse change, 

Similar calculations were made to find the effect of rpm chanre on 
pressure ratio and work. These curves are shown in Fig. 14. The pressure 
ratio and work are relatively insensitive to rpm chanze, 

Jt is to be notec that for the data point in question, the turbine 
nozzle is not choxed, but is just short of it. 

4A practical result of the above calculations is that for an actual 
gas turbine, in the unchoked region, a small error or deviztion in the 
nozzle exit dlarie anzle can cause a considerable cnance in the mass flow. 
It also indicates tnat a prediction of turbine pderformance fron neasureu 
Dlade angles is difficilt. | 


In order to compare the calculated efficiency with tne experimental 





efficiency, it was decided to usa tho experimental mass flow and rpm as 





for pt. A of Fig. 11, and to use the revised blade angie of 82.1". This: 
was done since it was definitely more probable that the mass flow was 
correct within 7.4% than that the measured blade anzle was correct rathin 
oe. 

nrficiency calculations were made usin’ the ooderbere charts, 
Fig. 10, which include corrections for aspect ratio, ieyn lds mznber , 
and inlet angles other than nominal. To account for tip losses, an 
arbitrary 1:5 loss in stage efficiency was apolied, This is in acccrdance 
with the method of .. 8. Hawthorne (ref, a). The resultant calculated 
turbine efficiency was 86% as compared to the exoerimental efficiency of 
7hs. This was as expected and ti: :2usons for the low observed turbine 
efficiency have been given earlier in this section. 

fhe turbine breakdorn was apparently caused by a failure of the 
nozzle block, Upon investigation it was found that all the nozzle blades 
were missing from the turbine, and the outer half of all the rotor blades 
were chewed off. The probable cause of the nozzle block failure wes that 
one of the nozzle blades became loose and came in contact with the wheel, 
causing all the nozzle blades to be wiped out. The nozzle blades apparently 
had received roush treatment curing installation of the steel Ciapnraga in 
the combustion chamber, and one blade in perticular was noted to be quite 
loose, If such were the case, it is indicated that Similar trouble would 


not be encountered in cther enrines oi this type. 
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A calculated efficiency of 86 per cent was obtained by the 
Soderberg method to compare with an experimental efficiency of 7), 
_ per cent. The observed efficiency is believei low due to unreliable 


temperature readings, 








It is recommended for turbine tests with a small tenperature 


drop across the turbine, that a device such as a dynamometer be used 








to measure power, rather tnan usines temperature difference. This 





uld also permit a wide variation of load for the turbine. 
Provision should be made for a snooth air flow into the turbine 
in order to obtain accurate inlet pressure readinzs. 
If turbine outlet tenperature readinvs are used, 2 positive means 
of preventing lubricatinz oil] leakage into the air circuit should be 


provided, 
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APPENDIX A 


INSTRUM NTATION 


The instrumentation for this investigation used standard 
type static and pitot~static tubes for pressure measurements and 
copper constantan thermocouples for temperature measurements, 

The static pressure tubes, three (3) in number, were located 
ahead of the turbine as shown in “ig. 3. They were constructed 
of one-sixteenth (1/16") inside diameter steel tubing and inserted 
in the nozzle ring at 120° positions. Considerable care was taken 
to insure smooth surfaces wh_re thsy opened to the air stream, The 
total head tubes usea in the inluwi were constructed of a small muage 
hypodermic tubing .05" in diameter, They were located in approxi- 
mately the same plane as the static tubes anda were free to move in 
yaw and radial traverse. Installation was accomplished by means of 
air-tight brass compression fittings. 

for turbine outlet pressure measurements, two stundard type 
pitot-static tubes were installed in the tail cone section as show 
in Figs. 3 and 6, Brass compression fittings were used to secure them 
to the teil section and permit positioning in radial traverse and in 
yaw, All pressure readings were taxen from a mercury manometer board. 

The thermocouples were cylindrical half shielded total tempera- 
ture probes using 20 gauge copper and constantan wiring. The details 
for their construction were obtained from Pratt and shitney ‘eport on 
Cylincrical Total Tenperature Probes (PVA 559). Fis. 7 shows head-on 
and cut-away views of the probes. This type of thermocouple is rela- 
tively insensitive to orientation up to an anvla of 35° as showm in 


Pia 559. It is noted that beyond this angle the recovery factor falls 








off sharply. 





The turbine outlet thermocouples were located in the tail cone 
at 120 positions and at different radii. This arrangement permitted 
a comparison of uniformity of temperature readings, The inlet to the 
turbine thermocouple was of the sane type as described above and was 
located in the inlet piping to the annulus. 

Wires from the several thermocouples were led to a selector 
Switch mounted on an instrument board, A thermos bottle filled with 
ice and water served as a reference point for the temperature measure~ 
ments and was located under the instrument table, 

The thermocouple readings were obtained fron a tubicon Portable 
Potentiometer, Catalog No. 2700, The instrument operated in a satis-~ 
factory manner in every respect but one, It did not give as sensitive 
& reading as it should have been expected based on the subdivisions of 
its dials. For example, it was impossible to obtain a reading closer 
than one millivolt; i.e., the falvanometer reading would show no 
deflection over a range of that magnitude. As experience was pained in 
its operation and cnaracteristies, the spread of temperature readings 


was reduced materially. 
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